As the global need for mineral resources is constantly rising and the exploitable concentrations of these resources tend to become increasingly complex to explore and exploit, the mining industry is in a constant quest for innovative and cost-effective exploration solutions. In this context, and in the framework of the Smart Exploration action, an integrated passive seismic survey was launched in the Gerolekas bauxite mining site in Central Greece. A passive seismic network, consisting of 129 three-component short-period stations was installed and operated continuously for 4 months. The acquired data permitted detection of approximately 1000 microearthquakes of very small magnitude (duration magnitude ranging between -1.5 and 2.0), located within or at a very close distance from the study area. We use this microseismicity as input for the application of passive seismic interferometry for reflection retrieval, using the body waves (P-and S-wave coda) of the located microearthquakes. We retrieve by autocorrelation zero-offset virtual reflection responses, per component, below each of the recording stations. We process the acquired results using reflection processing techniques to obtain zero-offset time and depth sections, both for P-and for S-waves. In the context of the present work, we evaluate one of the acquired depth sections, using an existing seismic line passing through the Gerolekas passive seismic network, and we perform forward modelling to assess the quality and value of the acquired results. We confirm that passive seismic reflected-wave interferometry could constitute a cost-effective and environmentally friendly innovative exploration alternative, especially in cases of difficult exploration settings.
stand-alone receivers involved, minimize the need for interventions in the landscape and make passive seismic more flexible, mainly in terms of accessibility and environmental impact. It is evident that this flexibility affects positively the cost of passive seismic surveys because, apart from the non-negligible cost of the active sources themselves, passive seismic operations need much smaller crews and lighter vehicles in the field. Of course, one must deal with the fact that passive seismic suffers from the same characteristic that constitutes its major asset: the absence of controlled sources and the consequent uncertainty in the detection and extraction of adequate signals from the continuous passive seismic records.
In that scope, an integrated passive seismic survey was designed and launched in the Gerolekas bauxite mining site, Central Greece, in the framework of the Smart Exploration action. A dense network of stand-alone seismic stations was installed, covering an area of approximately 35 km 2 , and operated continuously during a 4-month recording period. The survey area is mostly unexplored, even though the surrounding area, which constitutes one of the major bauxiteproducing sites in Greece, is being exploited for years.
The passive seismic dataset that was acquired is planned to be processed using different passive seismic methodologies, resulting in an integrated subsurface model, based solely on passive seismic data. One of the techniques applied is passive seismic interferometry using body waves for extraction of reflection information below the area of interest.
Seismic interferometry (SI) is a robust methodology that allows the retrieval of the seismic response at a receiver location due to a virtual source located at the same or a different receiver position. It may be applied using two different parts of the seismic signal, either body waves or surface waves, and is characterized as reflected-wave or surfacewave SI, respectively (Wapenaar et al. 2010) . Reflected-wave SI, which is applied in the present study, is mainly used for imaging the reflectors in the subsurface by exploitation of the body waves present in passive or active seismic signals.
In the context of passive reflected-wave SI, the useful signal (body waves) that is extracted from passive records might have been generated by either noise sources (ambient or anthropogenic) or earthquake activity, either in the area (local seismicity) or at a distance (teleseismic events). However, the majority of the attempts made to extract body waves from continuous passive seismic records, either using waveseparation methodologies (Draganov et al. 2013; Almagro Vidal et al. 2014; Panea et al. 2014; Cheraghi, Craven and Bellefleur 2015) , or using information from regional or even global seismological networks (Scherbaum 1987; Daneshvar, Clarence and Savage 1995; Nakata, Snieder and Behm 2014) , has shown that this might be quite a difficult task, especially in cases when the methodology is being applied at an exploration scale. This is due both to the fact that surface waves dominate the majority of the passive seismic records, masking the body-wave content of the noise panels, and to the intrinsic limitation of regional seismological networks, which provide earthquake catalogues including events above a magnitude threshold, thus significantly limiting the number of available exploitable body waves.
Initially introduced by Claerbout (1968) for onedimensional media and expanded to three-dimensional media by Wapenaar (2004) , reflected-wave SI has mainly been applied using controlled sources (Schuster, Yu and Rickett 2004; Minato et al. 2011) , coda waves of distant earthquakes (Abe et al. 2007; Ruigrok, Campman and Wapenaar 2011; Ruigrok and Wapenaar 2012; Nishitsuji et al. 2016a,b) and ambient noise (e.g. Draganov et al. 2007 Draganov et al. , 2009 Nakata et al. 2011; Boullenger et al. 2011; Cheraghi et al. 2015; Oren and Nowack 2017; Romero and Schimmel 2018) . Attempts to use local earthquakes were rare and mostly based on local seismicity recorded by permanent global or regional networks installed in the broader area of interest (Scherbaum 1987; Daneshvar et al. 1995) . This fact was significantly limiting the number of available exploitable events, thus having an impact on the obtained results.
However, in the Gerolekas passive seismic study, we take advantage of the area's high level of seismicity, as well as the fact that we are able to accurately detect and locate local microseismic activity, using a dense seismological network. This provided a very robust dataset, consisting of approximately 1000 microearthquakes, located inside or at a very close distance from the survey area. We use this dataset as input for the application of body-wave passive SI.
In the framework of the present work, an overview of the Gerolekas passive seismic survey is presented, followed by a description of the techniques used for earthquake location and application of passive SI using the body waves (P and S) of local microearthquakes. The virtual reflection responses retrieved by this procedure are processed using conventional reflection processing routines, and the obtained results are described and evaluated against legacy active-source data. The evaluation is completed by application of elastic forward modelling, simulating the actual passive-survey conditions, leading to a discussion on the potential of the application of this methodology for mining exploration.
Figure 1
Location of the Gerolekas study area (top). The red-dotted rectangle corresponds to the study area and is depicted in more detail below (right). White triangles correspond to the 129 three-component short-period seismological stations of the Gerolekas passive seismic network. The blue-dotted rectangle, corresponding to the Gerolekas mining site, is depicted in more detail on the left. Red diamonds correspond to the inner network's station locations, whereas black dots represent the more than 4000 wells, drilled by the mining company, delineating the extent of the exploited part of the mining site. The blue line shows the location of the legacy seismic section PARV-1. The Gerolekas nappe's limits, as delineated by surface geology, are noted by a magenta dashed line.
O V E R V I E W O F T H E G E R O L E K A S P A S S I V E S E I S M I C S U R V E Y
The Gerolekas mining site is located between the Giona and the Parnassus mountains, in Central Greece (Fig. 1) . It belongs to the geotectonic zone of Parnassus-Giona, which is characterized by a relatively simple stratigraphy, consisting of a sequence of carbonate rocks underlying a flysch horizon. A simplified stratigraphic column of the Parnassus-Giona zone is presented in Figure 2 (top). It shows the dolomites of the Middle Triassic, followed by a succession of limestones, dating from the Upper Triassic (thick-bedded dark limestones) to the Jurassic (oolitic limestones underlying a series of intermediate white limestones) and the Cretaceous period (intermediate white limestones, rudist-bearing limestones and limestones with nodules). This sequence of carbonate rocks is covered by Paleogene flysch.
Bauxite deposits exist in the area and appear as layers or lenses hosted within the carbonate rocks ( Fig. 2) . They are considered to be allochthonous (Aronis 1955) , as they were the product of the laterization of ophiolites found in eastern Greece, which were transported and deposited into karstic cavities of the underlying limestone in the Parnassus region. This procedure, which took place during different geological periods, resulted in the formation of three distinct bauxitic horizons (Benardos and Katopodis 2011) . As it can be observed in Figure 2 , the first two horizons lay between the oolitic limestones of the Middle Jurassic and the intermediate white limestones of the Upper Jurassic, whereas the third horizon is hosted between the limestones of the Middle and Upper Cretaceous. From the three bauxitic horizons present in the area, the upper two are exploitable (second and third bauxitic horizon), whereas the uppermost (third bauxitic horizon) is of diasporic type and characterized as the most important in terms of mining interest. The broader area is affected by intense thrust and reverse faulting, as well as fault-bend folds, mainly due to the alpine orogenetic cycle, which are responsible for the existence of numerous stratigraphic overlaps. This is expected to be the case of the Gerolekas stratigraphy as well. More specifically, the Gerolekas area is characterized by a stratigraphic overlap of a sequence consisting of Triassic limestones overlying Boeotian flysch, coming from eastern Greece, that has been tectonically emplaced on the Parnassus-Giona flysch. A simplified sketch of the Gerolekas stratigraphy is depicted in Figure 2 (bottom).
Although the area surrounding Gerolekas has been extensively explored and exploited by the bauxite mining company operating in the area (Delphi-Distomon S.A., Amfissa, Greece), the Gerolekas site still remains completely unexplored, mainly due to its rough topography and limited accessibility (Fig. 1 ). The only exploration attempt made was a geophysical study that was launched in 2003, consisting of the acquisition of three lines of two-dimensional conventional seismic and gravity data, along the edges of the Gerolekas nappe. However, this survey was not designed to provide any insight about the subsurface below the main body of the Gerolekas site, leaving the question of the vertical extent of the nappe still unanswered.
One of the acquired seismic sections was the line PARV-1. This section was shot in 2003 by Hellenic Petroleum, in the context of a broader geophysical study launched by Delfi-Distomon S.A. The legacy migrated depth section PARV-1 is presented in Figure 3 .
The total length of seismic section PARV-1 was approximately 6 km, whereas the depth of the migrated depthconverted section was 2 km (Fig. 3 ). Its datum was set at 800 m above mean sea level. Based on the interpretation of PARV-1, three major reflectors were detected on the migrated depth section. These reflectors are delineated by the three lines (yellow, blue and red) drawn on PARV-1 and were interpreted as geological contacts between the flysch and the underlying limestone or between the different phases of flysch.
Taking into account the fact that bauxite deposits in the surrounding area have already been appraised by the mining company, as well as the fact that, so far, no information is available on the subsurface below Gerolekas, exploration of this part of the mining area is crucial for the planning and sustainability of future mining activities in the area.
The most important question that we need to answer is the depth at which the flysch-limestone contact is located below the Gerolekas nappe. This information is of major importance for the mining company, because it will define the exploitability of possible bauxite reserves that are expected to be located slightly below this contact ( Fig. 2) . Having in mind that the mining company was looking for a cost-effective and environmentally friendly exploration solution, flexible enough to overcome the accessibility issues of the Gerolekas area, a passive seismic survey was designed and launched in the Gerolekas bauxite mining site.
More specifically, a network of three-component shortperiod seismological stations was installed, covering an area of approximately 35 km 2 . This network consisted of 129 standalone stations -117 were installed on a relatively regular grid of 500 × 500 m ( Fig. 1) , covering the area of interest, whereas 12 were installed as peripheral stations, aiming at ensuring a better control of the recorded seismicity, mainly in terms of azimuthal coverage. All seismological stations were equipped with the same three-component geophone-based forcebalance seismic sensors, with a bandwidth between 0.2 (-6 dB) and 98 (-3 dB) Hz and a flat response between 1 and 60 Hz.
The stand-alone stations, as well as the local soil conditions that permitted a good coupling with a superficial installation of the seismic sensors, contributed to overcoming accessibility issues, which were for years the major deterrent to exploring this part of the mining site. Opposed to active seismic surveys, the stand-alone stations of a passive seismic network are installed at fixed locations and left recording during a specific period of time. Data are collected at pre-defined intervals and sent for processing. Installation of the Gerolekas passive seismic network was completed in approximately 1 week and the network was continuously operating during a 4-month recording period (May-August 2018). Data collection was realized at 15-day intervals.
T H E D A T A S E T
Once we acquire each set of raw data from the field, we initially prepare them for processing. The initial preparation consists in removing the signals' dc component, by subtracting their mean values (zero-mean signals), and then filtering using a bandpass filter at the frequency band of interest. In this case, we filter at 1-45 Hz, because we record at 100 samples per second, thus having a Nyquist frequency of 50 Hz, and our target is to exploit microearthquakes with a frequency content significantly higher than 1 Hz. Because all stations are equipped with the same sensors, we do not apply instrument response correction. We then analyse the pre-processed continuous records to locate microseismic events that occurred during the acquisition period within the extent of the installed network or at a very close distance (<5 km) from it.
Event detection is performed automatically, using an energy-based algorithm (Leontarakis et al. 2015) with an improved short-time-average/long-time-average (STA/LTA) detector that uses information from all three components of each record, instead of exploiting only the vertical component of the signal, as in the classical STA/LTA approach. In this energy-based approach, the declaration of a candidate seismic event is performed by means of comparison of the ratio of two windows moving along the signal with a dynamic threshold based on the statistical characteristics of the ratio sequence. It must be noted here that in order for a candidate event to pass the detection criteria, the above-mentioned condition must be fulfilled in a sufficient number of neighbouring stations. This is achieved by multi-station analysis, taking into account the geometry of the installed network.
We then isolate the detected signal segments from the continuous records and the P-and S-waves' onset time is automatically estimated. The estimation is based on the statistical characteristics of the detected signals. More specifically, the P-wave onset time is assigned to the point where the fourthorder zero-lag cumulant of a seismic signal, kurtosis, (Saragiotis, Hadjileontiadis and Panas 2002), presents its maximum slope. The estimation of the S-wave onset time is based on eigenvalue analysis of the three-component signal, which results in a characteristic function corresponding to the maximum eigenvalue sequence. In that case, the kurtosis criterion is applied on this characteristic function, resulting in an accurate estimation of the S-wave onset time (Lois et al. 2013 ).
This procedure results in a list of detected seismic events, along with the corresponding P-and S-wave first arrival times. These times are then used to estimate the hypocentral location of the events, leading to a catalogue of local microseismicity.
In the case of the Gerolekas passive seismic survey, approximately 3000 earthquakes, with duration magnitude (Md) ranging between -1.5 and 2.5 approximately, are located in the broader area following the above-described procedure. Md is based on the duration of the earth's movement, as measured by the time decay of the amplitude of the seismogram and is often used when measuring very small events. From those events, 954 are located at epicentral distances of less than 5 km from the nearest station ( Fig. 4 ) and characterized by specific quality criteria (their location is based on more than 10 P-and S-wave arrival times, the root-meansquare error of their location solution is less than 0.15, and the horizontal and vertical uncertainty of their hypocentral locations is less than 1 km). Their Md ranges between -1.5 and 2.0. We further use the P-and S-wave coda of these 954 local microearthquakes as the input for reflected-wave seismic interferometry processing.
We construct a Wadati plot using the located events ( Fig. 5) . A Wadati plot depicts the observed P-wave arrival time versus the observed S-P interval (Wadati 2011) . The gradient of its trend line provides an estimate of the global V p /V s Figure 4 Seismicity located at a maximum epicentral distance of 5 km from the nearest station of the Gerolekas passive seismic network during the four-month recording period. It consists of 954 microearthquakes, which are depicted by colour-coded dots on the map. The colourscale corresponds to the earthquakes' hypocentral depths. The black triangles correspond to the network's station positions.
value of the study area. The underlying assumption is that the area can be characterized by a global V p /V s value, if the Wadati plot is nearly linear. In that case, the V p /V s ratio can be estimated using
where t p and t s are the P-and S-wave onset times, respectively, t 0 is the microearthquake's origin time, as estimated during event location, and the ratio required in order to conclude on the parts of the study area that are characterized by different V p /V s ratio values, affecting the Wadati plot results. However, because our scope is to be able to estimate a global V p /V s ratio value that will permit the calculation of a one-dimensional S-wave velocity model for data processing, an average V p /V s ratio of 1.78 can be assumed, by fitting a trend line of the scattered data and taking into account the relevant uncertainty.
P A S S I V E S I U S I N G B O D Y W A V E S O F L O C A L E A R T H Q U A K E S
In the context of the present work, we are focusing on the application of reflected-wave seismic interferometry (SI) using the P-and S-wave coda of the local microearthquakes.
By selecting those recordings of the dataset of 954 microearthquakes that were reaching a station nearly vertically, we can apply the theory of reflected-wave SI to retrieve the zero-offset seismic reflection response below the station under consideration from a virtual source co-located with the station and emitting energy nearly vertically down. Thus, assuming a horizontally layered subsurface below each station and illumination from below by a vertical plane wave, we can apply the following relation (Claerbout 1968; Wapenaar et al. 2010) :
where R(t) is the global reflection response of a downgoing, vertical plane wave illuminating the medium from the free surface, T(t) is the global transmission response of a vertically propagating plane wave observed at the free surface and the Kronecker δ(t) represents the pulse of the illuminating wavefield. By this relation, it becomes evident that the global reflection response below a recording station can be obtained from the autocorrelation of the global transmission response and that the causal part of the autocorrelation is equal to −R(t), whereas the acausal part is equal to −R(−t).
As in reality the horizontally layered earth assumption is often not fulfilled and the transmission responses are often affected by the distribution of the sources and their time functions, their autocorrelation results in the retrieval of both physical and non-physical (spurious) events. A way to deal with this fact is by calculating the autocorrelation for an adequate number of different plane waves and stacking the results. In that sense, the physical events are enhanced, whereas the spurious ones are eliminated. Therefore, for the ith station of a passive seismic network, equation (2) can be extended to
where n T i n (t) × T i n (−t) is the summation (stacking) of the autocorrelations of the global transmission responses of the (nearly) vertically propagating plane waves of n different earthquakes recorded at station i. Because these earthquakes have occurred at different times and locations, they can safely be considered as independent sources, the stacking over which enhances the coherent energy included in the autocorrelation function of their global transmission responses and eliminates random noise and spurious events.
By applying this procedure, a zero-offset reflection response is acquired at the position of each of the recording stations. Note that sources located at the edges of the spatial extent must be tapered. Although this is possible when using microearthquakes, it would add extra processing time. Thus, we do not do it. As a consequence, artefacts would arise in the retrieved result, which would manifest themselves in lowering the signal-to-noise ratio of the interpretable physical events. The above equations are true strictly for acoustic medium. In elastic medium, their application will result in retrieval of artefacts due to correlation between P-and S-wave arrivals recorded by the same component. By choosing the microearthquake sources to result in recorded signals with near-vertical incidence, we effectively minimize the creation of cross-component artefacts, because wave conversions are minimal at near-vertical incidence.
Based on the above-mentioned methodology, we develop the processing workflow presented in Figure 6 , which we apply on the Gerolekas dataset. More specifically, in the case of the Gerolekas survey, we first assess the 954 microearthquakes located within the broader area of interest, in terms of verticality of the rays of the first arrivals (both P and S) at each station. This is demanded by the application of equation (2) for retrieval of zero-offset reflection response from a virtual source emitting energy vertically down. In order to do this, we calculate the hypocentral distances from each station and we assume that a recorded seismic signal is nearly vertical when the angle of the ray travelling from the hypocentre towards a station from the vertical is less than 20°. This procedure resulted in a dataset of 562 microearthquakes that arrived nearly vertically at least at one station. We then organize these earthquakes per station, defining the signals that would be used in the context of the estimation of the virtual reflection response below each station, by applying equation (3). An example of the events used for station 1 of the Gerolekas passive seismic network is depicted in Figure 7 , whereas a density plot of the number of microearthquakes that contributed in the calculation of the autocorrelation function below each station is presented in Figure 8 .
In the next step, we extract the useful signal from the continuous records. To that end, the P-and S-wave arrival times estimated during the event-detection and phase-picking procedures, are used to define the part of the microearthquakes' signal that would be exploited. More specifically, for the signals that passed the verticality criterion set at the previous stage, the P-wave coda is extracted from the vertical component recordings, using a window equal to the S-P time of each record, whereas the S-wave coda is extracted from the horizontal components, along two different directions (North-South and East-West), using the same time window. It must be noted here that even though the P-wave coda window is accurately defined by the P-and S-wave first arrival times, the selection of the S-wave coda window is characterized by more uncertainty. Its definition is based on the assumption that the S-wave coda duration of each of the exploited microearthquakes should be magnitude-dependent and not very different from its P-wave coda duration. According to Perron et al. (2018) , the S-wave coda window length of an earthquake can be estimated using a function of the difference between the P-and S-wave onset times (T p -T s ). This function consists of the propagation term (T p -T s ), added to a term related to the source's duration, which for small and moderate earthquakes (of M < 5) can be neglected. As a result, the S-wave coda duration can be assumed to be similar to the calculated P-wave coda duration for the microearthquakes involved in the present work (Md < 2). The extracted signals, from the vertical and the horizontal components include the direct Pand S-wave arrivals, respectively. An example event is presented in Figure 9 .
Once the useful signals have been selected and extracted from the continuous passive seismic recordings, we amplitudenormalize them and calculate their autocorrelations. We apply amplitude-normalization by dividing each trace by the maximum of the absolute value of the amplitudes within the extracted window. This procedure equalizes the amplitudes of the signals from each microearthquake that will contribute during the summation process, thus securing that each signal's contribution will be independent of the order of magnitude of the amplitudes of the original signal. After that, we stack per component the autocorrelations of the extracted signals recorded at each station and use the resulting stacked autocorrelograms to define a spiking deconvolution operator, using the Levinson-Durbin recursion algorithm (Ljung 1987 ). An example of the autocorrelation functions calculated for the 51 microearthquakes satisfying the verticality criterion for station 1, before stacking, is presented in Figure 10 , along with the output of the summation process. Having in mind that the 51 microearthquakes are located at different positions around station 1 (Fig. 7) , providing a good azimuthal coverage of the station by sources, summation of the calculated autocorrelograms should, according to the theory, result in enhancing all the coherent physical events and suppressing non-physical information. All autocorrelation functions of Figure 10 are bandpass filtered between 3 and 45 Hz, in order to eliminate any low-frequency effect. Following, we apply spiking deconvolution on the original signals. This aims to enhance their vertical resolution, by flattening the spectrum in the interval of interest. We then re-calculate autocorrelations of the deconvolved signals and stack again per component at each station, repeating the procedure for all stations. The above-described procedure results in 129 stacked autocorrelograms of the deconvolved signals per component, corresponding to the virtual P-and S-wave reflection response below each of the 129 recording stations. An example of the stacked autocorrelation functions before and after deconvolution, bandpass filtered between 3 and 45 Hz, is presented in Figure 11 . These autocorrelations are calculated using the signals of the 51 microearthquakes, recorded by station 1, from Figure 7 . Observing the two autocorrelograms, it becomes evident that the deconvolution procedure has resulted in an enhanced vertical resolution (along the time axis) for all three components, whereas their spectrum shows that there has been a significant boost on the high-frequency content of the signal. The obtained final summed results at each station correspond to the zero-offset virtual reflection response that would be acquired, if there were a source and a receiver at the station's location, where the source was emitting energy vertically down.
S E I S M I C P R O C E S S I N G O F T H E V I R T U A L R E F L E C T I O N R E S P O N S E S
After retrieving the virtual reflection responses calculated below each station of the Gerolekas network, we process them using part of the standard seismic-exploration processing workflow, in order to acquire zero-offset seismic sections of the subsurface, along various directions. The fact that the virtual reflection responses are zero-offset traces facilitates this procedure, by minimizing the processing steps that need to be applied. We perform seismic processing using CWP/SU: Seismic Un * x (Stockwell and Cohen 2008) .
We only process the virtual reflection responses corresponding to the stations of the inner network (Fig. 1) . These stations are characterized by inter-station distances of approximately 500 m, covering an area of 5 × 7 km. Time sampling of all the zero-offset virtual reflection responses is determined from the sampling rate of the raw data at 100 samples per second, while each trace's length is variable and defined by the maximum length of the P-or S-wave coda used during processing. For example, in the case of station 1, the maximum length of the P-wave coda used for calculation of the autocorrelation functions is 2.0 seconds approximately (see Fig. 10 ).
The first step is to select neighbouring stations, along different directions, forming cross-sections that would be used as input for seismic processing. We select a North-South crosssection, coinciding with the location of PARV-1 seismic profile of the legacy active-source seismic survey. We do this because this selection provides a possible means of evaluating the obtained results. The location of PARV-1, as well as the inner Gerolekas passive seismic network, is presented in Figure 1 , whereas the P-and S-wave zero-offset virtual reflection responses calculated along this cross-section are depicted in Figure 12 .
After selecting the desired stations, we process the zerooffset virtual reflection responses by first multiplying them by -1. This is needed because the calculated autocorrelations are equal to the negative of the global reflection response of the subsurface. After that, we apply static corrections, using the upper part of the models in Figure 13 , and the effect of the rough topography, which ranges from 500 m to 1200 m along PARV-1, is taken into account. Finally, we apply time-to-depth conversion to the resulting time sections.
In order to apply both static corrections and timeto-depth conversion, we use an average one-dimensional P-wave velocity model (Fig. 13 ) derived from the application of local-earthquake travel-time tomography on the same dataset (Polychronopoulou et al. 2019) . A more accurate conversion could be achieved by using the three-dimensional model calculated by local-earthquake tomography, but this procedure extends beyond the scope of the present study.
For the S-wave velocity model required for the static corrections and time-to-depth conversion of the S-wave virtual reflection responses, we use the V p /V s ratio of 1.78, estimated from the Wadati plot (Fig. 5) .
The resulting depth sections are presented in Figure 14 . All cross-sections provide information from the surface (500-1000 m above mean sea level) down to a depth of 5 km below mean sea level. The seismic traces are normalized by their maximum value and interpolated for visualization purposes.
E V A L U A T I O N O F T H E V I R T U A L R E F L E C T I O N R E S P O N S E S
In order to evaluate the acquired passive seismic interferometry (SI) results, we initially proceed in checking their quality and value by means of forward modelling. We perform twodimensional (2D) elastic modelling, along the cross-section PARV-1, using a finite-difference modelling code (Thorbecke and Draganov 2011) . In that way, we calculate the wavefields that would be produced by a number of passive seismic sources, placed at depth, recorded by a receiver installed at the surface. We then calculate the autocorrelation functions of these wavefields and stack the resulting signals, thus simulating the zero-offset virtual reflection response that would be acquired, if there were a source and a receiver at the station's location, where the source were emitting energy vertically down.
More specifically, we initially create 2D P-and S-wave velocity models, based on all available information on the survey area's subsurface. We take into account geological information and well data from the surrounding area, as well as the original interpretation of the legacy seismic data (Fig. 3) . The conceptual V p distribution used for the modelling is presented in Figure 15 . It consists of a shallow layer of flysch (V p of 3000 m/s), because PARV-1 is located outside of the area affected by the Gerolekas nappe (Fig. 1) , followed by a succession of limestones (V p ranging from 4000 to 5500 m/s). Special emphasis should be given to the thin layer of limestone (vertical extent of 100 m and V p of 4000 m/s), located directly below the flysch, which was added to the model in the scope of examining the effect it has on the resulting wavefields, as the existence of such layers has been confirmed by neighbouring wells. For the S-wave velocity model, we use the same spatial distribution as for the P-wave velocity, and we calculate the velocity values using the V p /V s ratio estimated using the Wadati plot of Figure 5 . We also include topography in our models, because there is an altitude difference of approximately 700 m along the line PARV-1.
Aiming in keeping the forward-modelling procedure as close to the real conditions as possible, we select the receivers of the Gerolekas passive seismic network that are located along the line PARV-1 and use their real positions. We then extract from the real dataset of the recorded local microearthquakes the locations of those that satisfy the verticality criterion at each of the selected stations. We use these earthquakes as passive seismic sources in order to perform the forward modelling. The locations of the passive sources used for all the modelled stations are presented in Figure 16 . It must be noted here that our sources are located at depths ranging between 2.5 and 25 km, with the majority of them laying at a depth of approximately 15 km. However, in order to keep the model space limited (for faster modelling), we adapt their x and z location by dividing by 10, keeping their incidence angle and azimuth fixed, because these are the characteristics that affect the stationary-phase regions (Snieder 2004 ), contributing to the retrieval of physical arrivals in the SI results. We perform modelling for each of the stations separately, using only those of the selected sources, the arrivals of which reach the station under consideration nearly vertically. In that sense, we perform synthetic modelling, using the same source and receiver distribution as in the real survey, thus having the opportunity to evaluate the acquired results, taking into account both the rough topography and the irregular distribution of the sources. The stations of the Gerolekas passive seismic network that are used for modelling, as well as the number of sources modelled for each station, are presented in Table 1 .
On the other hand, by placing the sources closer to the receivers, we violate the theoretical assumption of having the sources in the far field of the receivers, which assumption is needed to exchange the requirement of monopole-and dipoletype sources at each source position for only monopole-type Figure 16 Positions of the sources used for 2D forward elastic modelling. Black triangles represent the stations of the Gerolekas passive seismic network that are located along the cross-section PARV-1 (receivers of forward modelling), whereas red dots correspond to the microearthquakes that satisfy the verticality criterion for each of the modelled stations (passive sources of forward modelling). Source locations are projected on the seismic line. Each station is modelled separately, using as sources only those of the microearthquakes that produce a signal arriving nearly vertically at the station under consideration. 1  12  1210  37  2  18  988  32  3  23  965  26  4  29  938  24  5  38  824  16  6  48  655  17  7  55  766  10  8  64  700  8  9  73  705  18  10  82  679  14  11  94  522  9 sources (Wapenaar and Fokkema 2006) . Non-compliance with this assumption will result in wrong amplitudes of the retrieved physical arrivals, but also in the retrieval of artefacts. This puts the evaluation of our field results under extra test, which is not present with our field data.
Once our sources and receivers are defined, we perform 2D finite-difference elastic modelling for each station. Because for microearthquakes of that magnitude, the typical characteristics of a double-couple source mechanism are usually either inexistent or negligible, we simulate the sources' signal using a simple force source and a Ricker wavelet. The frequency content of the synthetic signals is selected similar to the real data, with a maximum frequency of 45 Hz and a peak frequency of 20 Hz. Moreover, the model's boundaries, apart from the free surface along the topography, are modelled as absorbing boundaries, by applying a taper on the particle-velocity components both in the x and z direction, in order to avoid artificial edge effects.
Using the modelled responses at each station from each of its pertaining sources, we calculate their autocorrelation functions. We then stack the resulting autocorrelograms to retrieve synthetic zero-offset virtual reflection responses below each of the modelled stations. The zero-offset virtual reflection responses retrieved by the signals recorded at the vertical component of the modelled receivers are presented in Figure 17 (top) . The modelled signals are emitted by vertical force sources located at the selected hypocentral locations.
In order to facilitate the evaluation of the modelling results, we calculate the two-way travel-times corresponding to the interfaces of the conceptual V p model of Figure 15 and add them on the time section of Figure 17 (bottom) . For visualization purposes, we denote the bottom of each layer using marks of the same colour as the corresponding layer in Figure 15 . More specifically, green marks correspond to the interface between the green layer (flysch) and the upper part of the thin yellow layer in Figure 15 (limestone), yellow marks correspond to the interface between the yellow and the orange limestone layer, whereas orange marks delineate the interface between the orange and the red limestone layer of the conceptual model. The blue marks in Figure 17 (bottom) correspond to the zero-time of each virtual reflection response before removal of the source signature, thus delineating the free surface.
Observing Figure 17 (bottom) , we note that all the events corresponding to detectable interfaces of the conceptual model are successfully retrieved by application of SI by autocorrelation on the synthetic data. The results are satisfactory, even for the traces where we expected to have limited illumination, due to the small number of available sources (traces 7, 8 and 11, see Table 1 ). However, the existence of artefacts due to not tapering the lateral ends of the source distribution for each receiver and due to non-compliance with the far-field assumption makes the interpretation of some of the Figure 15 . The blue marks show the zero time of each virtual reflection response before removal of the source signature, that is delineate the free surface. reflectors challenging. This is the case of the green marks at traces 7 and 8, for example. A further challenge for the interpretation comes from the inhomogeneous source distribution below some of the receivers. For example, the sources under station at 1000 m lateral position (trace 1) are mainly present at its right side. This would result in incomplete constructive interference inside the stationary-phase region and thus in the retrieval of a reflection with an erroneous phase. A wrong phase would lead to misinterpretation of the exact depth of the reflectors, for example in underestimation (in the case of trace 1) or overestimation (in the case of traces 2 and 3).
Another observation is that no apparent modeconversion artefacts exist in the retrieved zero-offset virtual reflection response. This was expected as the careful selection of the sources used for processing, exploiting only those of the recorded microearthquakes satisfying the verticality criterion and sacrificing quantity over quality, ensures little converted energy. Besides, having in mind that we select for modelling stations where a limited number of microearthquakes was recorded (e.g. stations 64 and 94 of the Gerolekas passive seismic network, see Fig. 8 ), we conclude that even this limited illumination is adequate to reconstruct the subsurface by application of SI by autocorrelation using the P-wave coda of local microearthquakes.
In addition to this thorough evaluation using forward modelling, we further evaluate the acquired results using the legacy seismic section PARV-1 (Fig. 3) . According to the interpretation performed by Hellenic Petroleum in 2004, as depicted in Figure 3 , the shallower horizon (yellow line) delineated on the seismic section PARV-1 extends from the depth of 300 m above mean sea level at the northern part of the line to a depth of 200 m above mean sea level towards the South. The second interpreted horizon (blue line) is also located at 300 m above mean sea level at the northern end of the seismic line, extending down to mean sea level along the line, to end at a depth of 100 m above mean sea level in the southern part. Both lines seem to be interrupted by the presence of two faults located at the shot points 350 and 400. The deepest interpreted horizon (red line) extends slightly below mean sea level (from mean sea level to approximately 100 m below mean sea level).
In order to evaluate the results acquired by our passive SI approach, we first create a comparable image, by extracting the virtual reflection response of the vertical component down to the depth of 1200 m below mean sea level from the depthconverted cross-section of Figure 14 . We detect interpretable reflectors around the depths of interest and delineate them using the same colours as in the legacy migrated depth section (yellow, blue and red). The interpreted SI depth section is presented in Figure 18 .
Observing the depth section of Figure 18 (top), one can see the three reflectors delineated on the PARV-1 seismic line. Although the interpretation provided back in 2004 is quite ambiguous, due to the poor quality of the legacy data, and an alternative interpretation could be proposed by the SI results, all three reflectors can be detected in the acquired zero-offset depth section. The only major difference is the absence of the interruption located near the shot point 400, which was interpreted as a fault, and was expected to be delineated near the position of the virtual reflection trace 16. However, we explain this absence by the coarser character of the passive SI results, mainly in terms of horizontal spatial resolution. Having in mind that every virtual shot point corresponds to approximately 40 shot points of the active seismic survey, this fact cannot be attributed to a pitfall of the methodology itself. It rather underlines the need for a denser coverage of the area of interest by recording stations.
After evaluating the virtual reflection response along the line PARV-1, using the three known reflectors delineated on the legacy migrated depth section, we attempt to pinpoint a number of additional reflectors that are visible on the SI result. These reflectors are marked with magenta lines on the cross-section of Figure 18 (bottom) . Although clear reflectors are visible both above and below the deepest interpreted horizon from seismic (red line), for the moment we limit our interpretation only to the shallower part. This is dictated by the interest of the mining company down to about mean sea level. In the shallower part of our results, we can easily delineate clearly interpretable reflectors (magenta lines). Note that at those shallow depths the legacy active seismic section was suffering from severe masking effects. We do not attempt to link the interpreted reflectors to geological formations, as the thorough interpretation of the Gerolekas passive SI results extends beyond the scope of the present work. By delineating them, we just aim to validate the potential of the application of passive SI in the context of mineral exploration.
Last, but not least, the obtained SI vertical depth section along the seismic line PARV-1, the orientation of which is approximately North-South, is presented in Figure 19 , along with an East-West-oriented section acquired by applying the same processing workflow. By this, we aim to examine the continuity of the retrieved events in space. Observing Figure 19 , it becomes evident that there is an undeniable consistency of the retrieved reflectors along both directions, which, taking into account the 1D character of the applied processing procedure, further validates the quality of the acquired results.
D I S C U S S I O N
We applied reflected-wave passive seismic interferometry (SI), using body waves from local microearthquakes, in the context of the Gerolekas mining exploration survey. Our results showed that this methodology can provide valuable information on the subsurface, even at an exploration scale.
Using a dense seismological network of 129 threecomponent short-period stations for data acquisition, installed at inter-station distances of approximately 500 m and recording for a period of 4 months, as well as a sophisticated event detection and picking algorithm, we achieved the detection and location of a significant number of local microearthquakes of very small magnitude. This fact provided us a means of overcoming the intrinsic limitation of reflectedwave passive SI, concerning the difficulty of detecting and extracting useful body-wave signal from any passive seismic record.
In addition to that, the use of three-component recordings permitted us the extraction of the virtual reflection responses for both P-and S-waves. Comparing the P-and S-wave sections in Figure 14 , we see that there are reflectors consistent in all three components. We also see that the S-wave sections provide higher vertical resolution. This is logical due to the shorter wavelength of the S-waves and the same frequency band of interest. On the other hand, this is not necessarily expected, because the S-wave coda window, used for autocorrelation, contains also P-wave arrivals. Such arrivals might give rise to retrieved spurious events. It appears, though, that the summation of the available microearthquakes per station has sufficiently suppressed such spurious energy.
From the comparison in Figure 14 , we also notice features that appear only on one or both of the horizontal components. To understand these differences, a thorough interpretation of the acquired results is needed, which extends beyond the scope of this preliminary work.
The fact that we accurately located the microearthquakes used as input for passive SI and picked their P-and S-wave onset times permitted a more precise definition of the duration of their P-and S-wave coda. This enabled us to apply the methodology both for P-and for S-waves, despite the very small magnitude of the involved events, using much more robust input signals than the ones usually employed at this scale.
The retrieved virtual reflection responses exhibit numerous reflectors that could be delineated on both the vertical and the horizontal components' cross-sections. There seems to be useful signal down to a depth exceeding 5 km. However, our most important observation is the fact that there are clear reflectors delineated from the surface down to the first few hundreds of metres, at the zone where reflection seismology usually suffers from the presence of surface waves, refracted waves and near-surface effects. It is worth noting here that the nature itself of the signal used to calculate virtual reflection responses (P-and S-wave coda of local microearthquakes), as well as the technique applied, precludes retrieval of surface and refracted waves. This can be seen as a data-driven near-perfect filter for such waves.
We thoroughly evaluated the acquired results by applying two-dimensional (2D) finite-difference modelling, simulating the Gerolekas survey's difficult conditions, as realistically as possible. We confirmed the applicability of the proposed methodology, using sources as in the field survey, both in terms of number and incidence angles and in terms of frequency content of the signals. We showed that, even in the cases of stations where a limited number of microearthquakes were satisfying the verticality criterion set during the selection of our sources, we managed to retrieve interpretable reflectors at the depths of interest. Moreover, we confirmed the absence of mode-conversion artefacts in the retrieved virtual reflection responses, underlining the importance of carefully selecting sources that are limited inside the stationary-phase region of vertical incidence for each station.
The acquired results could further be improved if we used a three-dimensional (3D) velocity distribution for the timeto-depth conversion, instead of an average one-dimensional velocity model. This model could be calculated by applying local earthquake tomography on the same dataset, using the first arrivals of the recorded earthquakes. Actually, this is the ultimate scope of the Gerolekas passive seismic survey -jointly exploiting information derived from the application of different passive seismic methodologies on the same dataset.
Last, but not least, the single-station approach of calculating autocorrelations of the recorded signals presented here could be extended to 2D/3D, if the inter-station distances were such that would permit cross-correlating the signals without introducing any aliasing effects. This would provide more sophisticated imaging of the subsurface, as well as an improved horizontal resolution of the results acquired.
C O N C L U S I O N S
We applied passive seismic interferometry (SI) using body waves of local microearthquakes to retrieve reflected waves at the exploration scale. We implemented the methodology to 4-month-long passive recordings from the Gerolekas bauxite mining site, Central Greece. We applied SI by autocorrelation to microearthquakes selected to have their first arrivals characterized by near vertical emergence at a station. This ensured retrieval of zero-offset reflection responses from a virtual source emitting energy vertically down. We retrieved both P-and S-wave subsurface sections. We evaluated the acquired results by forward modelling, proving that we can successfully retrieve interpretable reflectors, using the same source and receiver scheme as in the field survey and we confirmed the absence of mode-conversion artefacts in the obtained virtual reflection responses. Comparing the depth section from legacy active-source data to a P-wave zero-offset depth section from the SI results formed along the line of the legacy data, we showed that we successfully imaged three subsurface reflectors interpreted in the active data. We further could image shallower reflectors that were not detectable in the legacy active data. The results of the SI methodology we applied showed that passive seismic imaging with local microearthquakes can provide an innovative and cost-effective exploration alternative to active-source data, especially in cases where traditional approaches reach their limits. The environmentally friendly character of our methodology, as well as its ease of implementation, makes it applicable even in extremely prohibiting conditions, in terms of accessibility or permitting.
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